Combined micro-Fourier transform infrared (micro-FTIR) and electron probe microanalyses (EPMA) were performed on a single crystal of charoite from Murun Massif (Russia) in order to get a deeper insight into the vibrational features of crystals with complex structure and chemistry. The micro-FTIR study of a single crystal of charoite was collected in the 6000-400 cm −1 at room temperature and after heating at 100°C. The structural complexity of this mineral is reflected by its infrared spectrum. The analysis revealed a prominent absorption in the OH stretching region as a consequence of band overlapping due to a combination of H 2 O and OH stretching vibrations. Several overtones of the O-H and Si-O stretching vibration bands were observed at about 4440 and 4080 cm −1 such as absorption possibly due to the organic matter at about 3000-2800 cm −1
Introduction
Charoite, K 5 Ca 8 Si 18 O 46 (OH)·nH 2 O, is a high-valued semiprecious gemstone occurring uniquely in the alkaline rocks of the Murun Massif in Yakutiya, Russia [1] . This rare silicate belongs to the group of the microporous minerals whose structure is based on a mixed tetrahedral-octahedral framework. The increased interest in these compounds came from their potential use as materials alternative to zeolites in different fields, from environmental protection to industrial applications.
The structure of charoite was only recently solved ex novo and "ab initio" in the P2 1 /m space group by electron diffraction data [2, 3] . Two-ordered polytypes with different cell parameters (i.e., the monoclinic "charoite-96" and orthorhombic "charoite-90") were identified inside the sample along with other partially ordered and disordered polytypes (i.e., "charoite-2a" and "charoite-d"). The structure of both charoite-96 and charoite-90 polytypes consists of three different tubular drier silicate chains running along [001] having external and internal diameters comparable to those of carbon nanotubes. The silicate chains are bonded by their apical oxygen to bands of edge-sharing Ca-and Naoctahedra which also run along [001] forming cavities occupied by extraframework cations (K, Sr, Ba, and Mn) and H 2 O molecules. In the charoite-96, adjacent blocks of the three different chains are shifted by a translation of 1/2c whereas no shift occur in the charoite-90 polytype. The asymmetric unit of the charoite-90 contains 90 independent atomic positions among which three H 2 O sites and one OH site partially occupied by OH − and F − ions [2] . For the monoclinic polytype, 87 atomic positions enclosing only one H 2 O and one OH/F sites were refined [3] . A thermal study of charoite revealed that the dehydration (i.e., loss of adsorbed and structural H 2 O) occurs in the temperature range 80-290°C whereas the dehydroxylation processes are observed from 290 to 480°C [4] .
Apart from the detailed structural characterization, few and incomplete spectroscopic data of charoite have been reported so far in the literature. The RRUFF database contains Raman spectra collected in the range~1200-100 cm ). However, the last spectrum is characterized by strong fluorescence and noisy background which allow in distinguishing weak peaks mainly in the Si-O and Ca-O vibration region and in the position of N-H vibration (2367, 2403 cm −1 ) due to NH 4 + ions which probably substitutes for K + in the charoite structure. No signal was observed in the OH stretching region. The infrared spectrum of charoite was reported in comparison to that of canasite in [6] . The authors observe absorption in the OH stretching and bending regions which accounts for the presence of water molecules in the charoite structure. However, no discussion or defined band assignment was reported being the structure of this mineral not yet clear at the time.
In the present study, micro-FTIR and EPMA were performed on the same single crystal in order to define the characteristic vibrational modes of charoite in the light of the recent structural determination of the mineral.
It is noteworthy that advances in the crystal chemical features of this mineral can help to determine their potential properties such as strengthening glass ceramics, ion exchange, and conductivity [7] .
Experimental
2.1. Sample Description. Charoite occurs in charoitites of the Murun Massif (Yakutia, Russia). The Murun complex, formed at 120-150 Ma and covering an area of about 150 Km 2 , consists of ultrapotassic agpaitic rocks with carbonatites other than charoitites whose composition varies from alkaline-ultramafic to granitic [8] . Charoite crystallized jointly with other Ca-bearing alkaline minerals, such as frankamenite, canasite, miserite, tinaksite, and tokkoite [9] .
The crystal studied here was handpicked under a binocular microscope starting from a fragment of asbestoslike fibers elongated along the z-axis. The selected crystal is characterized by light-violet colour and 0.10 × 0.05 × 0.02 (mm 3 ) dimensions.
Analytical Methods.
Chemical analysis was carried out on the studied charoite crystal embedded in epoxy resin, polished and then carbon coated. The same crystal was previously subject to micro-FTIR analyses. A JEOL JXA-8200 electron microprobe operating at 15 kV accelerating voltage, 5 nA sample current,~1 μm spot size, and 40 s counting time was used. Full wavelength dispersive spectrometry (WDS) mode was employed. The used standards for major, minor, and REE components were wollastonite (Si), anorthite (Al, Ca), omphacite (Na), olivine (Mg), K-feldspar (K), Zr-jarosite (Zr), ilmenite (Ti), Cr pure (Cr), rhodonite (Mn, Zn), fayalite (Fe), celestine (Sr), sanbornite (Ba), and F-apatite (F). A Phi-Rho-Z routine was employed for the conversion from X-ray counts to oxide weight percentages (wt%). The average composition was determined over five spots.
Infrared analysis of charoite was performed at room temperature before and after heating the sample at 100°C for 4 hours. The measurements were performed on a single crystal mounted on glass capillary and laid on the cleavage plane. The spectra were collected over the range 6000-400 cm −1 using a Nicolet Avatar FTIR spectrometer with a nominal resolution of 4 cm −1 , equipped with a Continuum microscope, an MCT nitrogen-cooled detector, and a KBr beamsplitter. The observed IR-patterns resulted from the average of 128 scans. The OH stretching region (3700-3000 cm −1 ) of the spectrum was modelled using the program Origin Lab, assuming Gaussian functions to describe the peaks and a linear function to approximate the background.
Results and Discussion
The mean weight oxides (wt%) from EPMA analysis are SiO 2 The typical single-crystal nonpolarized room temperature micro-FTIR spectrum of charoite in the 6000-400 cm −1 range is shown in Figure 1 . The spectrum collected after heating at 100°C is illustrated in Figures 2(a) and 2(b) together with that before heating. The results of fitting of the OH stretching region of the room temperature spectrum are displayed in Figure 3 whereas the main band positions observed for the studied sample are given in Table 1 . The table also contains the literature infrared and Raman data of charoite.
The spectrum in Figure 1 evidences very strong absorption bands at about 600-800 cm −1 and~1100 cm −1 which are assigned to stretching vibration of Si-O and Ca-O bonds [5, 10] . The group of bands in the 2077-1841 cm −1 range are due to the combination of Si-O absorption [11] . The most notable feature of the spectrum in Figure 1 is a very broad and intense absorption extending from~3650 to 3000 cm −1 , peaking at~3450 cm
, as a result of internal stretching vibration modes (ν3 and ν1) and bending overtone (2ν2) of water molecules overlapping with absorptions of OH groups [12] . The ν2 bending modes are centered essentially at about 1595 and 1667 cm −1 (Figure 2(b) , Table 1 ). These findings together with the absence of significant changes in the OH absorption of the heated sample (compare spectra in Figures 2(a) and 2(b) ) suggest that the spectrum of the studied charoite is not affected by the contribution of the adsorbed water. In addition, the two wellresolved bands in the water bending region of the spectrum in Figure 2 (b) indicate that more than one water environment occurs in the charoite structure. This feature suggests that the analysed crystal consists essentially of the orthorhombic charoite-90 polytype which contains three H 2 O sites, that is, H 2 O(1), H 2 O(2), and H 2 O(3), other than one OH site [2] . The OH stretching region of the acquired spectrum was fitted to the smallest number of peaks needed for an accurate description of the spectral profile. The , two Ca-octahedra, and two Si-tetrahedra. The occupancy of the H 2 O(3) site is 0.36 with <H 2 O(3)-O ≥ 2.99 Å. Generally, the shorter the H 2 O-O distance, the stronger is the hydrogen bond and the lower is the frequency of the O-H stretching band [13] . Therefore, basing on the above crystal chemical considerations, the stretching vibrations of H 2 O(1), H 2 O(3), and H 2 O(2) molecules mainly contribute to the bands at 3285, 3385, and 3453 cm −1 , respectively. In addition, the band at 3530 cm −1 can be attributed to stretching vibrations of the OH groups which substitute for the O 2− at the vertex of the Na-octahedra in the charoite-90 polytype. Finally, the band at 3150 cm −1 well corresponds to the expected position of the Fermi resonanceenhanced overtone of the H 2 O bending mode. This approach in the OH-band assignment of the FTIR spectra of minerals is well consolidated in the literature [14] [15] [16] .
The obtained micro-FTIR data slightly differ from those previously found for the powder charoite [6] . Indeed, the authors identified, without a fitting analysis, four OH absorptions shifted to higher wavenumbers with respect to those here reported (see Table 1 ). In addition, absorption essentially centered at about 1620 cm −1 was generally related to water molecules with different energy [6] . This discrepancy may be ascribed to the structural complexity of this mineral which leads to the crystallization of different polytypes sometimes intimately intergrown [2] .
Note also that the spectrum in Figure 1 evidences a broad band at about 3000-2800 cm −1 and weak bands at about 1500-1450 cm −1 which are typical of the C-H vibrations [17] and may be ascribed to organic matter associated to the charoite fibers. In addition, two distinctive bands appear at about 4440 and 4080 cm −1 whose assignment is unclear. However, their frequency is very close to the combination modes involving the fundamental stretching of OH group coupled with the Si-O stretching.
As stated above, charoite crystallized jointly with other Ca-bearing alkaline minerals whose framework is based on ) and assignment for the bands in the infrared spectrum of the studied (see Figures 1 and 3 (F,OH) , the hydrogen occurs only as hydroxyl groups. This is also confirmed by the absorption at~3600 cm −1 and no signal in the water bending region of literature infrared spectra [6, 19] .
Therefore, the application of the infrared spectroscopy, other than techniques such as X-ray or electron diffraction and microprobe analysis, contributes to discriminate associated minerals with similar structural framework but with different H speciation.
Conclusions
Micro-FTIR analysis was performed on a single crystal of charoite whose composition is similar to that reported in the literature [2] . This study contributes in updating the infrared spectroscopic database of a complex mineral specimen such as the one at hand. Indeed, the data here reported complement those previously obtained on powder charoite [6] . Decomposition of the hydrogen stretching region in several bands and analysis of the absorptions at low wavenumbers support the occurrence of OH groups and more than one H 2 O molecules in the charoite structure as recently found by electron diffraction of charoite-90 polytype [2] . The not straightforward assignment of the overlapping bands in the OH stretching region is due to a combination of the O-H stretching vibration modes of hydroxyl groups and water molecules. This also reflects the structural complexity of this mineral which may crystallize in different polytypes with different hydrogen content and speciation [2] .
Conflicts of Interest
The author declares that there are no conflicts of interests regarding the publication of this paper.
